[1] Field investigations of stratified alluvial deposits suggest that they can give rise to a hierarchy of permeability modes across scales, corresponding to a hierarchy of sedimentary unit types and thus may lead to enhanced plume spread in such media. In this work, we model the sedimentary architecture of the alluvium deposits in Fortymile Wash, Nevada, using a hierarchical transition probability geostatistical approach. The alluvial aquifer comprises a segment of the groundwater flow pathway from the potential high-level nuclear waste repository at Yucca Mountain, Nevada to the downstream accessible environment and may be a natural barrier to radionuclide migration. Thus our main goal is to quantify the impact of spatial variability in the alluvium on solute transport. The alluvial aquifer is a gravel-dominated braid-belt deposit, having lower-permeability paleosols interstratified with higher-permeability gravel-bar deposits. A three-dimensional hierarchical hydrofacies model is developed through fusion of multiple geologic data types and sources. Markov chain models of transition probabilities are employed to represent complex patterns of spatial variability at each hierarchical level in a geostatistical fashion and to impose realistic constraints to such variations through conditioning on existing data. The link between the alluvium spatial variability and solute dispersion at different spatiotemporal scales is demonstrated using the stochastic-Lagrangian transport theory. We show that the longitudinal macrodispersivity can be on the order of hundreds to thousands of meters, and it may not reach its asymptotic value until after 1,000 years of traveltime.
Introduction
[2] Yucca Mountain, Nevada, is being investigated by the U.S. Department of Energy (DOE) for a potential geologic repository for permanent disposal of high level nuclear waste. A critical performance requirement for Yucca Mountain is that it must include both natural and engineered barriers [10 CFR 63.113(a) ]. Groundwater in the Yucca Mountain vicinity is conceptualized as flowing southerly from recharge areas at higher elevations north and northwest of Yucca Mountain, coalescing in the Fortymile Wash valley-fill alluvial aquifer, and flowing toward the Amargosa desert (Figure 1 ). Because of its conceptualized low groundwater velocity and favorable sorption characteristics, the Fortymile Wash alluvial aquifer may be a natural barrier to the migration of radionuclides before they reach the 18-km compliance boundary.
[3] A series of site-scale models have been developed by DOE and U.S. Nuclear Regulatory Commission (NRC) to describe the geology, as well as flow and transport processes, within the saturated zone [Bechtel SAIC Company, LLC, 2004a , 2004b , 2004c Winterle, 2003; Farrell et al., 2005] . The site-scale models encompass tens of kilometers in each horizontal direction, and several kilometers vertically. The Fortymile Wash alluvial aquifer is currently represented as a hydrogeologically homogeneous unit in the site-scale flow models. Alluvial aquifers, however, often exhibit spatial variability at multiple scales as a result of complex depositional and diagenetic processes.
[4] The main goal of this study is to model the spatial variability within the Fortymile Wash alluvial aquifer and to assess its implication on potential radionuclide transport. We seek a parsimonious, quantitative, three-dimensional representation of heterogeneity that captures the aspects of sedimentary architecture relevant to mass transport.
[5] Previous studies have described the textures, depositional environment, and sedimentary architecture of the Fortymile Wash alluvium [Ressler et al., 2000; Ressler, 2001; Potter et al., 2002] . The alluvium is a graveldominated deposit, having lower-permeability paleosols interstratified with higher-permeability braid-belt deposits. Thus a conceptual model exists for the heterogeneity within the saturated alluvium (i.e., hydrofacies types and their sedimentary architecture). However, current site-specific transport models do not yet explicitly represent such heterogeneity. This may be in part because the available sources of data reflecting local conditions (e.g., outcrop exposure maps, borehole drilling records, and geophysical data) are viewed as coming from too few locations too far apart, and thus the data are deemed insufficient for developing a model at the aquifer-wide scale. In fact, this could be stated as a problem common to many sites.
[6] Though the saturated alluvium is sparsely sampled, we can still create a useful model by adopting a stochastic modeling framework. We develop a methodology to quantify the uncertainty in the interpolation of strata between data locations by defining probabilities of stratal occurrence within the three-dimensional model domain. We focus on requiring that the modeling approach honor the salient features of the conceptual model for hydrofacies and sedimentary architecture over the region of the model domain. Furthermore, we require that the approach honor the geometric measures (proportions, mean lengths, and juxtapositional relationships) of strata that have been quantified from data locations and honor stratal occurrence at locations where data do exist. In meeting these requirements, our methodology leads to a spatial variability model that is, from the perspective of the bulk alluvial package, both geologically defensible and useful in a stochastic framework.
[7] There is a rich literature on methods for stochastic modeling of aquifer architecture. Geostatistical approaches based on facies indicator spatial random functions have proven to be useful [e.g., Rubin, 1995; Carle and Fogg, 1996, 1997; Weissmann and Fogg, 1999; Lu and Zhang, 2002; Ritzi et al., 2004; Dai et al., 2005; Huggenberger and Regli, 2006; Rubin et al., 2006] . We adopt elements from them in our methodology. These are elements of probability theory that provide the general mathematical framework for defining the spatial probability of stratal occurrence. What is new in our methodology is the fusion of many types and sources of data within the framework to define the spatial probabilities for stratal occurrence and to simulate and represent the sedimentary architecture. Multiple data sources and types reinforce the applicability of a conceptual model by their consistency in documenting the occurrence of the same strata in the same relative abundance. Furthermore, like different pieces of a puzzle, each data type fits together, providing different, complementary metrics that we require for modeling the ''whole picture'' of the Fortymile Wash alluvial aquifer.
Physiography and Geology
[8] Fortymile Wash is the largest tributary of the upper Amargosa River and one of the largest alluvial systems in the southern Basin and Range Province [Lundstrom et al., 1998 ]. Fortymile Wash is physiographically bounded to the west by Yucca Mountain; to the north by the Calico Hills; to the east by Jackass Flats, Little Skull Mountain, and the Striped Hills; and extends southward to merge with Amargosa Desert (Figure 1) . Potter et al. [2002] observed that sedimentologic properties of the various alluvial units in the vicinity of Yucca Mountain are very similar: fluvial deposits are predominantly sandy gravel with interbedded gravelly sand and sand. Fluvial facies present in these deposits include coarsegrained channel bars and intervening finer-grained swales.
[9] The modern Fortymile Wash channel is entrenched to depths exceeding 20 m and gently grades into a wide braid plain within the Amargosa Desert (Figure 1 ). In the deeply incised upper portion of Fortymile Wash, deposits in the channel walls show interbedded fan and gravelly fluvial deposits [Lundstrom et al., 1998; Ressler et al., 2000] . The gravel-dominated deposits, which are found continuing below the water table, accumulated during climatic conditions that were associated with more geomorphic and surface hydrology activity than in today's climate [Forester et al., 1999; Ressler et al., 2000; Keefer et al., 2007] . Fortymile Wash had perennial or sustained seasonal flow along at least portions of its length during wetter climates over the past 100 ka. Forester et al. [1999] concluded that the larger episode of aggradations occurred during the Pleistocene between about 120 and 50 ka.
3. Methodology 3.1. Characterizing, Modeling, and Simulating Heterogeneity Using the Markov Chain Approach
[10] The theory and mathematical formulation of the Markov chain transition probability approach have been formally presented in a number of works [e.g., Carle and Fogg, 1996, 1997; Carle, 1999; Weissmann and Fogg, 1999] . Here we briefly introduce the necessary terminologies to facilitate discussion. Consider that the sediment can be delineated into mutually exclusive region types that we will refer to here in the most general terminology as facies. A facies indicator spatial random function I i (x) is defined as
The volumetric proportion of the ith facies type p i , is the probability that I i (x) is equal to 1, namely,
The transition probability is the conditional probability of facies type j occurring at location x + h f , given that facies type i occurs at location x [Carle and Fogg, 1996, equation 2.6] 
where h f is the separation vector between two spatial locations in the f direction, and Pr[I j (x + h f ) = 1, I i (x) = 1] is the joint probability for j-th facies to occur at x + h f and i-th facies to occur at x. Let l i,f be the length of the individual occurrence of facies type i along f; the mean length l i,f is defined as the total length of i divided by the total number of occurrences of i along f. Carle and Fogg [1996] showed that l i,f is related to the value of the derivative of the autotransition probability at zero lag.
[11] Spatial variability in facies distributions can be modeled by interpolating one-dimensional Markov chain models for the principal directions [Carle and Fogg, 1997] . A one-dimensional continuous-lag Markov chain model assumes that the outcome at a location x + h f depends only on location x and is given by the following matrix exponential [Carle and Fogg, 1997] 
where T is a transition probability matrix whose entries are defined through equation (2), and R is a transition rate matrix whose entries r ij represent the rate of change from facies type i to j per unit length in f. The diagonal terms of R are related to the mean lengths as
In case of two-facies or bimodal models [e.g., Desbarats, 1990; Rubin, 1995; Ritzi, 2000] , the transition rate matrix can be completely specified by a diagonal term.
[12] The first step toward developing the Markov model, in our approach, is to use geologic information about the unit types present and the processes of deposition that created them. We use studies of outcrop exposures of unsaturated alluvium for this purpose [Ressler et al., 2000] . Outcrop exposures facilitate quantifying textural attributes of the sediment, classifying the sediment types present, delineating stratigraphy, mapping stratal boundaries, interpreting depositional environments, and quantifying geometric attributes (especially thickness) and juxtapositioning relationships (especially in the vertical direction).
[13] Evidence must be provided to support that the exposures of sediment are representative of saturated sediments deeper below the water [14] Logs of borehole cuttings are usually available from a greater number of locations than sonic cores and can be used to broaden the spatial coverage of lithologic data. Skilled drillers or technicians can infer sediment types from cuttings strained from the drilling fluid and the resistance to bit advancement by comparing the logs; the reliability of cutting logs can be assessed where rotary holes have been drilled adjacent to rotosonic holes. The textural descriptions are not as reliable as those recorded from a sonic core, but often reflect the larger textural changes with depth and can be used to vertically delineate significant unit types. Logs of borehole resistivity through the saturated subsurface provide an indication of electronegativity of mineral types within the sediment. Resistivity logs are especially useful for determining the presence of clay minerals within the sediment and thus can be used as support for the interpretation of clay sediment in cutting logs. If reliable, cutting logs are useful for assessing the applicability of the conceptual model(s) for heterogeneity developed in outcrop studies over broader regions of the saturated subsurface. Where the conceptual model is supported, the cutting logs are useful for broadening estimates of the thickness of unit types. If abundant and not clustered, they are also useful in broadening the estimates of stratal proportions. Together, these analyses allow for the assessment of the spatial stationarity of the conceptual model.
[15] Boreholes from which cutting logs are collected are almost always too far apart to satisfactorily quantify lateral lengths or indicator correlation scales [Proce et al., 2004] . Recent studies of modern fluvial deposition have provided universal scaling relationships for the dimensions of fluvial bed forms as a function of channel width. Furthermore, they have provided scaling relationships for the ratio of the lateral length to the thickness of strata as a function of the fluvial bed form geometries [Lunt et al., 2004; Kelly, 2006; Rubin et al., 2006] . If the fluvial depositional environment is identified from outcrop studies, along with the width of channels and the thickness of sedimentary unit types, then the scaling relationships can be used to assess the average lateral length of unit types on an order-of-magnitude basis. This approach meets the requirements for representing the alluvial package on the whole and producing a geologically defensible model.
[16] In section 4, we illustrate how each of these sources of information about sedimentary architecture leads to a geologically defensible form of equation (3), the continuous-lag Markov chain model. Once the Markov model is defined, it is particularly useful in generating realizations of the alluvial sedimentary architecture through sequential indicator simulation with quenching [Carle, 1999] .
Macrodispersion in Hierarchical Architecture of Deposits
[17] We use macrodispersion coefficients to assess the value in representing different scales of unit types. We limit ourselves to a two-level, two-unit-type hierarchical architecture, where at Level I, the spatial variability results from two regions of different permeability modes within a facies type and at Level II, from variability in juxtapositional relationships among two facies types. As it will be seen in section 4, this is exactly the hierarchical hydrofacies model established for the Fortymile Wash alluvium.
[18] The log-hydraulic conductivity field of a binary facies model can be represented using a hybrid spatial random function [Rubin, 1995, equation (1)]
where Y i (x) (i = 1, 2) stands for log-hydraulic conductivity of the ith facies. Assume that Y i (x) are uncorrelated, the mean of Y(x) is [Rubin, 1995; Dai et al., 2004] 
where hÁi is the expectation operator. Now define r as the ratio between geometric mean conductivities of the high-and low-permeability facies [i.e., r = exp (m 2 À m 1 ) with index ''1'' corresponding to the low-permeability facies]. Dai et al. [2004] show that under the condition of high contrast between hydraulic conductivities (r > 10), the variability within a facies type is dominated by the contrast across the facies types. The variance and covariance of Y(x) can then be approximated by [Dai et al., 2004, equation (26)]
where s Y 2 and C Y denote the variance and auto-covariance of Y(x), respectively. As a result of the above approximation, s Y 2 becomes a linear function of (lnr) 2 for fixed volumetric proportions.
[19] Dai et al. [2004] derived close-form expressions of macrodispersion for three-dimensional flows and higherorder hierarchies based on the earlier works of Rubin [1995] and Ritzi et al. [2004] . The formulation of Dai et al. [2004] requires that all auto-and cross-transition probabilities be exactly exponential and have equal effective ranges (i.e., the abscissa at which 95% of the asymptote of autotransition probability is reached). As it will be shown in section 4, the effective ranges of the transition probabilities at different hierarchical levels are quite different in the Fortymile Wash alluvium model. As a result, the formulation of Dai et al. [2004] is not used directly; instead, we decouple the hierarchical levels and model them individually. For each hierarchical level, we apply the following results for modeling transport in statistical anisotropic velocity fields with high contrast in log-hydraulic conductivities
In equations (8)- (10), D 11 (t), D 22 (t), and D 33 (t) are the longitudinal, lateral, and vertical macrodispersion coefficient, respectively; t is elapsed traveltime; U 1 = constant is the mean groundwater velocity in the longitudinal direction; l I is the horizontal indicator correlation scale for transition probabilities; e is the ratio between the vertical and horizontal indicator integral scales, or statistical anisotropy ratio; t is dimensionless traveltime; and J 0 and J 1 are the zero and first-order Bessel functions of the first kind. For the binary facies model considered here, the horizontal indicator correlation scale l I is defined as [Ritzi, 2000; Lu and Zhang, 2002] 
where l 1,h and l 2,h are the mean lengths of the two facies in the horizontal direction. The quantity D/U, which has the same dimension as dispersivity, is called macrodispersivity. It is the rate of change of the second spatial moment of a plume. The large-time, asymptotic limits of macrodispersivities are obtained from equations (8) - (10) as
Application of Methodology and Results

A Fortymile Wash Hydrofacies Model Developed From Outcrop-Analog Studies
[20] Ressler et al.
[2000] developed a conceptual model for heterogeneity within the saturated alluvium beneath Fortymile Wash. Sediments within the modern entrenched channel were studied and described from five laterally continuous, well-exposed outcrops. The locations of the outcrops are shown in Figure 2 (in small filled circles), and the picture of a representative outcrop exposure is shown in Figure 3 . Eight diagnostic sedimentary facies (F1 to F8) were identified in their study based on grain size, sedimentary structures, and geometry. These eight facies were, in turn, grouped into two categories based on permeability, forming two hydrofacies. These sedimentary facies and hydrofacies were later compared to a sonic core from 19PB and shown to represent the saturated alluvium.
[21] Here we further review the relevant details of classification of the sediments and hydrofacies model by Ressler et al. [2000] . This information is important for linking together the various sources of data that follow. The largest volume fraction of sediment was deposited within a gravel-dominated, braided-channel fluvial system. The most common and volumetrically significant facies consists of stratified sandstone and gravel conglomerate in 30 -50-cm-thick couplets, formed by longitudinal bar bed forms (sedimentary facies F1). Cementation is pervasive, but generally better in sandstones than in conglomerates. Ressler et al. [2000] focus on textural attributes (gravel, sand, and cross-stratification) in describing the alluvium and defining facies. Thus we will generally refer to gravels and sands without discussing cementation hereinafter. Importantly, the F1 facies has open-framework gravels variably contained within the couplets. Four of the other sedimentary facies (F2, F3, F4, and F8), each occurring in smaller proportion, are related to gravels, sandy gravels, and sands that formed in and around bar bed forms, including accumulation in cross-bar channels, confluence scour zones, and bar tops. These five sedimentary facies are grouped together as a relatively high-permeability hydrofacies. Occurrences of the high-permeability facies are on the order of 10 m thick. Two other sedimentary facies (F6, F7), both interpreted to be paleosols, include reddish, well-cemented sandstones and gravel-to-boulder calcrete horizons. The paleosols developed from pedogenic processes occurring on the tops of compound bars exposed between active channels and thus are laterally continuous for hundreds of meters, as are the bar deposits, though there may be local discontinuities. The carbonate cement and caliche give these sediments low permeability. The two paleosol facies are grouped together as a low-permeability facies. Occurrences of the low-permeability facies are on the order of 2-m thick. The remaining sedimentary facies (F5) was defined based on a single exposure that was grouped with the highpermeability hydrofacies. It is a sandy gravel deposited by gravity flows. It might be volumetrically larger in proximity to the slopes rimming Fortymile Wash.
[22] Figure 3 shows the exposure and measured section for one representative outcrop. The measured section can be subdivided into three occurrences of the braid-belt strata (high-permeability facies) separated by three occurrences of the paleosols (low-permeability facies). The high-permeability facies shows a laterally extensive tabular geometry with internal large-scale stratification. The low-permeability facies includes both thicker, more laterally extensive F7 units and locally discontinuous F6 units. The Nye County EWDP used the sonic coring method to extract intact largediameter cores of the saturated alluvium in well 19PB, located south of the exposures along a line parallel to the axis of the valley (see Figure 2 for well locations). About 80 m of sonic core was collected. Examination of the 19PB core record suggests that it has two dominant lithofacies within the saturated alluvium zone, both corresponding to braid-belt sedimentary facies that are grouped within the high-permeability facies category. One is facies F1, with well-organized 30 -50-cm sand-gravel couplets, and the other is facies F4, with less-organized, more conglomeratic sandy gravel. These two most dominant facies in the core are the two most commonly documented in the measured sections from exposures of Fortymile Wash. The core in this zone also contains cemented red-colored sandstone intervals that are similar to the paleosol lithofacies described in the measured sections from Fortymile Wash. The consistency between the sediment in the core and in the measured sections offers evidence that the hydrofacies model developed from the outcrop study applies to the saturated alluvium.
Expanding the Applicability of the Hydrofacies Model Through Analysis of Cutting Logs
[23] Analysis of EWDP drillers' cutting logs gives additional support for the hydrofacies model established based on the outcrop analog studies and helps to quantify the volumetric proportions and geometric attributes of the hydrofacies. Our criteria in selecting EWDP wells to be included in this study are that the log must penetrate a significant interval within the saturated alluvium zone and must reflect the loggers' ability to detect the gravel (or larger) sediment. The water table in the vicinity of EWDP wells occurs around 700 m amsl, and the saturated alluvium is commonly at least 100 m thick. Thus the focus here is on characterizing the 100-m saturated interval from 600 to 700 m amsl that is supported best by selected cutting logs.
[24] Most cutting logs are from either mud-or air-rotarybased drilling methods, so the descriptions are of ground-up sediment. Thus the descriptions have uncertainty as compared to the descriptions of the retrieved, intact core from the sonic drilling of 19PB. Comparison of logs from three wells drilled adjacent to 19PB (i.e., 19D, 19P, and 191M2) can be used to illustrate one problem in the cutting logs. We know from the 19PB sonic core that the saturated zone alluvium is mostly gravel at this location. In two of the drilling logs (19D and 19P) , the logger was able to recognize the cuttings were mostly from gravel. In the 19IM2 log, however, all cuttings were classified as from sand. Thus we only use logs where cuttings derived from gravel were correctly identified.
Quantifying Proportions and Thicknesses of Hydrofacies
[25] The cutting logs satisfying our criteria were from Nye County EWDP wells Washburn 1X, 2DB, and 4PB. We used the cutting logs from these wells to develop a facies indicator database using equation (1). All original logs were coded by Nye County drillers following the Universal Soil Classification System (USCS) [American Society for Testing and Materials, 1985] . We developed the indicator database by coding the USCS lithologic descriptions with integer indicators and sampling the logs at 1.52-m intervals. The lithologic descriptions were coded in three different ways, each toward a different purpose.
[26] The goal of the first analysis was to assess the volume fraction of gravel-dominated sediment at each location. An indicator of ''1'' was assigned if gravel was present (USCS codes gw, gp, gm, and gc) and ''0'' if absent. We found that over the interval from 620 to 700 m amsl, the sediment of record is predominantly gravel. The results also indicate a high and relatively stationary volume fraction of gravel (or coarser) sediment with depth, consistent with the Ressler et al. [2000] model. Figure 2 indicates that the locations of these wells are kilometers to the west and east of well 19PB. The consistency between the drilling logs from these wells (i.e., the record of gravel-dominated sediment) and the measured sections on outcrops in Fortymile Wash give broader evidence that the Ressler et al. [2000] model is representative of the saturated alluvium underlying a significant portion of lower Fortymile Wash.
[27] The second approach to coding the indicator data had the goal of quantifying the amount of clay present (''0'' if USCS codes cl, sc, gc, etc.). The logs record an average of 15% occurrence of clay over the interval between 620-m and 700-m elevation. A borehole resistivity log through part of this interval exists for 2DB and supports the driller's interpretation that clay sediment exists.
[28] Clay intervals may often indicate paleosols. Clay mineral formation would be expected in pedogenesis of sediments of volcanic origin. Furthermore, the proportion of clay in the drilling logs is similar to the proportion of paleosols recorded in the outcrop studies [Ressler et al., 2000] . Also, the drilling records of clay appear more often in intervals associated with sand than with gravel, just as Ressler et al. [2000] describe paleosols as associated with sand [Ressler et al., 2000] . We use the occurrence of clay minerals in the borehole records as a proxy for direct identification of paleosols when assessing the proportion of the low-permeability hydrofacies in borehole records. Ressler et al. [2000] did not mention the occurrence of clay within the paleosols (or any other facies) mapped on outcrop, perhaps because fine-clay particles may have been preferentially winnowed away by weathering processes on the outcrop exposures. Even if clay is not strictly associated with paleosols, it seems appropriate to assign clay-rich horizons to a low-permeability hydrofacies category when computing proportions of high-and low-permeability hydrofacies, as noted next from drilling logs.
[29] Finally, following these two exploratory analyses, we adopted an indicator coding to quantify some univariate statistics defined in section 3.1, where all USCS codes had a unique integer-indicator value. The USCS codes gw, gp, sw, sp, and any codes starting with these were grouped into high-permeability hydrofacies. The codes sm, sc, cl, and any codes starting with these were grouped into lowpermeability hydrofacies. We also include 19PB in the analysis, as well as a 90-m lithologic record from another sonic well, 22PC. The results (Figure 4 ) indicate a high and relatively stationary volume fraction of higher-permeability hydrofacies within the elevation interval from 620 -700 m amsl. About 0.78 of the alluvium is high-permeability hydrofacies and about 0.22 is low-permeability hydrofacies. This is consistent with the volume fraction of the graveldominated, high-permeability facies suggested by Ressler et al. [2000] in their outcrop study.
[30] Using the indicator database, the vertical mean facies lengths of high-and low-permeability hydrofacies are calculated to be 12.4 m and 3.5 m, respectively. These results are consistent with the values 10 m and 2 m estimated by Ressler et al. [2000] . The analyses using drillers' logs thus further corroborate the appropriateness of the proposed hydrofacies model for the saturated alluvium.
Defining the Relevant Scales and Assessing Lateral Dimensions Through Geologic Interpretations and Scaling Relationships
[31] The movement of gravelly sediment through rivers is well studied, as is the sedimentary architecture within preserved deposits [e.g., Siegenthaler and Huggenberger, 1993; Regli et al., 2002; Lunt et al., 2004; Bridge and Lunt, 2006] . Sediment moves within bed forms that are defined at different scales, creating the characteristic cross-stratification and textural features which Ressler et al. [2000] found exposed in the Fortymile Wash entrenchment. The compound bar deposits they found contained the larger scale stratification imparted by lobate unit bar bed forms. The unit bar deposits, in turn, contained cosets of sands, sandy gravels, and open-framework gravels (OFG) created by sediment movement in smaller scale bed forms (dunes and ripples) over the unit bars. Some of these hierarchical relationships are conceptually conveyed by [Lunt et al., 2004, Figure 24a] . Here, the general geologic knowledge about the scaling of commonly found unit types is used to define a hierarchy of facies types and to estimate their lateral dimensions.
[32] Some of the larger scale internal stratifications created by individual unit bars, within compound bars and intervening scour pools, are shown in Figures 5A and 5B. Of particular interest here is the smaller scale stratification within one unit bar deposit, shown in the expanded inset of Figure 5b . This trough cross-stratification is created by the migration of dune bed forms over a unit bar. Most of the cross strata in a set are of sandy gravel, and some are of OFG. The larger permeability contrast is between strata which are OFG versus non-OFG [Ressler et al., 2000; Lunt et al., 2004; Huggenberger and Regli, 2006] . Ressler et al.
[2000] described the common occurrence of OFG strata within the Fortymile Wash unit bar deposits and, though above the range of permeability they could measure with their methods, suggested that the high permeability of OFG could be a relevant feature to include in transport models.
[33] Given the hierarchy of stratification within the sedimentary deposit, it is logical to develop a hierarchy of relevant hydrofacies that corresponds to the scaling of strata types and to the most significant permeability contrasts. Level I of the hierarchy references smaller scale hydrofacies and Level II larger scale hydrofacies. At Level II, the higherpermeability hydrofacies are braid-belt deposits, and the lower-permeability hydrofacies are paleosols (Table 1) . Regions inside the higher-permeability hydrofacies at Level II are further delineated at hierarchical Level I, according to the larger permeability contrasts. The higher-permeability hydrofacies are the OFG regions, and the lower-permeability hydrofacies are the non-OFG regions (Table 1 ). The regions inside paleosols are not further delineated.
[34] Studies of rivers of diverse flow regimes, slopes, and types of bed material and widths have demonstrated that common fluvial features such as braid bars are scale invariant in their shape, covering at least six orders of magnitude in spatial scale for some attributes [Sambrook Smith et al., 2005; Kelly, 2006; Rubin et al., 2006; Bridge and Lunt, 2006] . These studies have led to useful geometric scaling relationships for strata within such deposits (e.g., ratio of width to thickness). Rubin et al. [2006] demonstrated using scaling relationships to infer the unknown dimensions of hydrofacies in one direction from lengths measurable in other directions. In a similar way, we use these relationships here to obtain order-of-magnitude constraints on the lateral extent of compound bar deposits at Level II, and open-framework gravel strata at Level I, so that the aspect ratios of their geometries conform to what is generally found in nature.
[35] Furthermore, we would like the variation in the size of the geometries to reflect what is typically found in sedimentary deposits. The lengths across strata types, when exhaustively sampled in characteristic directions, typically range over orders of magnitudes, and thus have heavy-tailed statistical distributions [e.g., White and Willis, 2000; Ritzi, 2000] . Accordingly, White and Willis [2000] suggest that the Erlangian distribution, the sum of n exponentially distributed random variables, is an appropriate general distribution for facies lengths
where the mean is n/x, the variance is n/x 2 , and G(n) is the gamma function. Measured facies lengths, in studies conducted at a variety of stratal length scales, have been shown to have a coefficient of variation near unity [e.g., White and Willis, 2000; Ritzi et al., 2002; Dai et al., 2005; Ritzi and Allen-King, 2007] . Furthermore, Ritzi [2000] showed that such distributions give rise to exponential transition probability structures, as assumed in the Markov chain model below.
[36] The braid-belt facies extend the full width of the 100 m scale outcrops in the studies of Ressler et al. [2000] , without showing lateral terminations. This demonstrates that the probability of sampling braid-belt facies greater than 100 m in lateral length is high. Furthermore, [Bridge and Lunt, 2006, Figure 4] show that the length to thickness aspect ratio for a compound bar deposit is on the order of 100. Thus a 10 m thick compound bar deposit is typically on the order of a kilometer in lateral extent. Where not laterally terminated by paleosols, assemblages of compound bar deposits within a braid-belt deposit could be adjacent and extend for multiple kilometers.
[37] Paleosols also extend the full width of the 100 m scale outcrops in the studies of Ressler et al. [2000] , without showing lateral terminations. Thus the probability of sampling paleosols greater than 100 m in lateral extent is also high. Ressler et al. [2000] point out that paleosols developed on floodplains, as the channel-belt migrated through time. Furthermore, during some climatic cycles paleosol formation may have been extensive over the fan [Forester et al., 1999] . Thus the lateral extent of paleosol formation could have been highly variable. Furthermore, preservation potential [Weissmann and Fogg, 1999] probably varied among topographically high versus low areas, and among areas where channel reactivation was concentrated or highly erosive versus less concentrated or less erosive. From these ideas, it is important that the variation in paleosol lengths be represented in the model.
[38] In light of what is known, it seems appropriate to use the Erlangian distribution to represent the distribution of lateral facies lengths in Fortymile Wash, and here the focus is on the paleosols. Because of lack of additional information, we set n = 1 so that there is an exponential distribution of lengths. We choose x, here representing the mean horizontal extent of paleosols, to be 1000 m as an order of magnitude estimate. It is important to note that the mean is not a straightforward indicator of central tendency in this heavy-tailed distribution. For example, the median value is just 700 m with this choice for x. The focus here is on the fact that the Erlangian distribution gives a reasonable set of probabilities for lateral extent of paleosols given what is known. For example, there is a 90 percent probability that lengths exceed 100 m, which is consistent with the observed high probability that outcrops $100 m across will not expose lateral terminations of paleosols. It also fits with the expectation that, although not sampled in outcrops to date, some smaller sub-100 m paleosol remnants might exist, either between the deposits of reactivated channels, or as incorporated within bar deposits after erosion. Furthermore, there is a 63 percent probability that lateral lengths are less than a kilometer (thus, a 37 percent probability that lengths exceed a kilometer), and there is a fairly low 5 percent probability that lengths are between 3 and 10 km. Thus about a third of the paleosols have broad kilometer scale lateral distributions, but there is a low probability of finding a paleosol that essentially spans the width of the fan. This fits with the expectation that during certain climatic intervals paleosols may have developed over broad regions of the fan surface, but with climate change, would be dissected to varying degrees during reactivation. Thus using 1000 m as an order of magnitude estimate gives a distribution of paleosol lengths with probabilities that, though somewhat arbitrary when analyzed individually, fit reasonably well on whole to what is know from the synthesis of geologic information. Furthermore, it facilitates simulating geologically reasonable heterogeneity at Level II with a parsimonious model, based on just one parameter, x. Thus sensitivity to the distribution of paleosols lengths (lateral direction) is easily explored through sensitivity to x, and the model for lateral facies lengths can be easily updated if lateral lengths are better quantified in future field studies.
[39] Note that when analyzed individually in nature, the occurrences of Level II hydrofacies are anisotropic. Compound bars are usually elongated. Lunt et al. [2004] quantified the areal aspect ratios of compound bars in an analogous, modern, gravelly braided river and found them to be on the order of a factor of two or three. As paleosols are eroded during reactivation of fluvial channels, preserved paleosol deposits might take on a similar anisotropy. The principal directions of anisotropy from one compound bar to the next vary greatly, corresponding to the randomness of the local orientation of active channels around the mean flow direction as they migrate within the braid-belt. Thus the hydraulic signature imparted by areal anisotropy among an assemblage of compound bars within a braid-belt deposit is probably greatly reduced as compared to that of an individual compound bar. Given that the areal geometric anisotropy for either Level-II facies is small (perhaps a factor of two or three for paleosols, and even less for braid-belt deposits) relative to the vertical-plane anisotropy (two orders of magnitude for both Level-II hydrofacies), the areal-plane geometric anisotropy is not considered in the model.
[40] The scaling relationships of Bridge and Lunt [2006, Figure 4 ] indicate that strata formed by dunes and ripples, such as the OFG stratasets, have length to thickness ratios on the order of 10. Ressler et al. [2000] reported that OFG strata were common in Fortymile Wash exposures with a thickness on the order of several decimeters. This is very similar to the thickness of OFG strata quantified in other gravelly unit bar deposits by Lunt et al. [2004] where OFG was common, with a volume fraction on the order of 25 percent, and where thicknesses were on the order of decimeters and lengths were on the order of 10 m. Thus a length-to-thickness aspect ratio of about 30. We choose these proportions and aspect ratio as a starting estimate in specifying the Level I Markov chain model (Table 1) .
Defining the Transition Probabilities and the Markov Chain at Level II
[41] Using the univariate statistics obtained in section 4.3, we can develop the Level II Markov chain model in the vertical direction. The volumetric proportions of the lowpermeability and high-permeability facies, p 1 and p 2 , were calculated in section 4.3
If the high-permeability facies is chosen as the background category, the transition rate matrix R is completely specified by r 1,f , the transition rate of low-permeability facies. In the vertical direction,
where the mean thickness of paleosol was estimated in section 4.3. To honor probability laws and equation (11), the high-permeability background (representing a compound bar deposit) has a mean thickness of 12.4 m.
[42] Using the model for the lateral extent of paleosols, developed in section 4.4, we can develop the lateral Markov chain model for the Level II two-facies model. Using the exponential model for the distribution of lengths and letting x = 1,000 m, the lateral transition rate for the low-permeability hydrofacies is given by
equations (15) and (16) completely define the Markov chain model for facies at Level II.
Simulation Using the Markov Chain Model
[43] Simulating both Level I and II unit type distributions at the scale of this work (on the order of km) is computationally challenging because of the high resolution required to represent the thin Level I unit types (on the order of cm). We thus focus mainly on simulating Level II facies distribution in this section and turn to a stochastic treatment for the effect of Level I heterogeneity in section 4.7. The threedimensional Markov chain model developed in section 4.5 is used in sequential indicator simulation followed by simulated quenching to generate geologically plausible realizations of facies distributions, which are conditioned on the final indicator database. The TProGS package developed by Carle [1999] is used.
[44] For demonstration purposes, the model domain is chosen to be a 5-km by 5-km by 80-m volume aligned along the main flow direction of the entrenched channel of Fortymile Wash (marked by the thick lined square box in Figure 2 ). The base elevation of the model is 620 m amsl. The resolution of the model is 50 m in the lateral direction and 1 m in the vertical direction.
[45] A realization of simulated facies distributions is shown in Figure 6 . The simulation produces a field of paleosol ''baffles,'' each of which represents an occurrence of the low-permeability facies, within a background of the high-permeability facies. The average lateral extent of lowpermeability occurrences is 1000 m; however, there is a large variance in extent, over orders of magnitude, with some lowpermeability occurrences as limited as ten or a hundred meters across. The higher-permeability background facies represents the occurrence of compound bar deposits, frequently more than one of them in lateral juxtaposition where not separated by the paleosols. Thus the mean horizontal length in Table 1 for the braid-belt background facies is greater than the mean length of a single compound bar. Overall, the effect is a simulation with high-permeability regions having tortuous connectivity around low-permeability baffles.
Quantitative Analysis of Macrodispersion Coefficients
[46] Here we use equations (8)- (10) for an analytical assessment of plume dispersion in Level II hydrofacies as a function of conductivity contrast. This analysis is also done within the braid-belt deposits for a comparison of macrodispersion expected at these two different scales. Equations (8) - (10) are derived from moments of singleparticle displacements under a number of assumptions, for example, statistical stationarity, mildly heterogeneous porous media, infinite physical domain, and uniform mean flow. The results of cutting logs analysis indicate that the volume fraction is relatively stationary in the interval 620-700 m amsl. The large spatial and temporal scales associated with site-scale saturated zone transport also make macrodispersion analysis suitable, at least from a firstorder approximation perspective. Our main interest is illustrating the sensitivity of plume spread to the conductivity contrast (r), as well as to the mean length of paleosols (x).
[47] In the base case, we use data that are partly derived from Fortymile Wash alluvial deposits. Winterle and Farrell [2002] estimated hydraulic properties for EWDP wells based on Nye County pump tests [Nye County Nuclear Waste Repository Office, 1999; Questa Engineering Corp., 2001] and the core sample analysis performed by Ressler et al. [2000] . After comparing the summary of Winterle and Farrell [2002] with borehole lithologic logs, we estimated the geometric means of paleosol and braid-belt hydrofacies to be 0.2 m/day (i.e., m 1 = -1.609) and 4 m/day (i.e., m 2 = 1.386), respectively; thus, there is a 20-fold contrast (i.e., r = 20) between the two. For reference, the hydraulic conductivity values assigned to the valley-fill alluvial aquifer unit are 4.76 m/day in the DOE site-scale saturated zone flow model [Bechtel SAIC Company, LLC, 2004b] and 3.0 m/day in the NRC site-scale saturated zone flow model [Winterle, 2003] . The indicator integral scales of paleosols in vertical and horizontal directions are estimated with equation (11) by substituting the mean lengths and volumetric proportion of paleosols into the equation. When macrodispersion is applied to modeling field scale tracer experiments, ergodicity is implicitly assumed. A practical criterion for ergodicity is that the transverse dimensions of the plume are much larger compared with the integral scale of formation heterogeneity [cf., Dagan, 1989] . The case of a wide, distributed source is one of the potential scenarios considered in performance assessment of site-scale transport at Yucca Mountain [McKenna et al., 2003] . [48] The contrast of conductivities between OFG and non-OFG regions at Level I typically ranges between 10 to 100 times. In the base case, we assume the contrast ratio r is 10. This translates to a geometric mean of 22.49 m/day for OFG regions, and 2.249 m/day for non-OFG regions. The mean lengths of the OFG are assumed to be 0.33 m vertically and 10 m horizontally, based on our discussion in section 4.4. The indicator integral scales of OFG can also be calculated using equation (11).
[49] The base case data are summarized in the last four columns of Table 1 . With data in Table 1 and equations (6) and (7), we obtain m Y = 0.73, s Y 2 = 1.54 for Level II, and m Y = 1.386, s Y 2 = 0.99 for Level I. Note that the m Y of Level I is exactly equal to the mean log conductivity of the braid-belt hydrofacies, the higher-hierarchy encapsulating unit of Level I. The mean longitudinal fluid flow velocity U 1 in the alluvial aquifer is estimated to be around 0.01 m/day based on the NRC site-scale flow model [Winterle, 2003] .
[50] Figures 7a -7c illustrates the sensitivity of macrodispersivities to r at Level II. The curves in general exhibit similar trends as those shown by Dagan [1989] for unimodal conductivity fields. However, the timescale for the plume to reach asymptotic transport regime can be extremely long. For the base case, the asymptotic longitudinal macrodispersivity of around 1,200 m is only attained after 1,000 years of traveltime (Figure 7a ). The transverse macrodispersivities (Figures 7b and 7c ) reach their peak values around 300 years and then decrease gradually toward zero. The lateral spread is relatively limited in the current case because of the small anisotropy ratio (e = 0.004), which in turn, implies that the longitudinal spread is enhanced. [51] In section 4.4, the probability distribution of the lateral paleosol lengths is modeled using the Erlangian distribution, which simplifies to exponential distribution for n = 1. Figure 8 illustrates the sensitivity of macrodispersivities to x, the mean lateral length of paleosols. A larger x results in greater correlation lengths in the velocity field, and thus longer traveltimes for a plume to reach its asymptotic regime. Figure 8a indicates that the asymptotic longitudinal macrodispersivity is linearly proportional to the indicator integral scale, l I .
[52] We now examine the effect of heterogeneity existing within the braid-belt hydrofacies (i.e., the Level I hierarchy) on solute transport. Figure 9 shows the sensitivity of macrodispersivities to the conductivity contrast between the OFG and non-OFG regions. Because the average scale of Level I unit types is much smaller than that of Level II, it takes less time for the plume to sample all scales at Level I. The longitudinal macrodispersivity of the base case reaches its asymptote of 7.5 m after 10 years. From Figure 7 , we know that the picture is different if Level II heterogeneity comes into play.
[53] The scale dependence of macrodispersion is an important one to observe. As an example, consider an alluvial travel distance of 500 m (i.e., the current grid block dimension used in the DOE site-scale saturated zone model [Bechtel SAIC Company, LLC, 2004b] ). The mean traveltime is estimated to be 137 years. At this time, the longitudinal dispersivity predicted by the Level II base case curve (Figure 7a ) is around 550 m. As a result, although the dispersivity may seem to have reached the Gaussian regime relative to the Level I heterogeneity, it will continue to grow as the plume starts to encounter more Level II heterogeneity. This is exactly the multiscale nature associated with transport in hierarchical alluvial systems.
Discussion and Summary
[54] The alluvial aquifer Fortymile Wash, Nevada, downstream from the potential Yucca Mountain high-level nuclear waste repository, is expected to be a natural barrier to transport of radionuclides. A rigorous quantitative approach is taken in this work to assess solute transport behavior by characterizing and modeling the alluvial deposits architecture and subsequently linking the alluvial structure model to solute transport. A hydrofacies model of the saturated alluvium in Fortymile Wash has been developed using multiple data sources.
[55] Cross-stratified deposits, such as those found at Fortymile Wash, can give rise to a hierarchy of permeability modes, corresponding to a hierarchy of facies types across scales. We have employed a two-level hierarchical architecture to describe the Fortymile Wash alluvial deposits, where at the higher level (Level II) the system is described by repeated occurrences of paleosol and braid-belt unit types and at the lower level (Level I), by the OFG and non-OFG regions within the braid-belt unit type. Markov chain models of transition probabilities are developed from univariate statistics of the sedimentary architecture. The distribution of the lateral mean facies lengths is represented using an Erlangian distribution, a powerful and yet parsimonious model that allows the mean lengths to be easily updated when new information becomes available.
[56] Geologically plausible realizations of hydrofacies distributions were generated using sequential indicator simulation with quenching. The results indicate compartmentalized flow domains and, therefore, complex resident-time distributions. We focused on simulating facies distributions in the 620 -700 m amsl interval, where the volumetric proportions of facies types are approximately stationary and the alluvium mostly is saturated. Our experience shows that the grid dimension in each coordinate direction should be no more than one tenth of the mean length in each direction to sufficiently represent spatial variability. This makes simulating geology at large scales a computationally challenging task. Note that in our demonstration, the vertical resolution (1 m) may not sufficiently represent paleosol distribution in the vertical direction, although the resolution for the lateral direction is high enough.
[57] In lieu of pursuing high-resolution numerical models for transport simulation, we used established stochasticLagrangian theories to link formation heterogeneity at different hierarchical levels to potential solute transport in the saturated alluvium of Fortymile Wash. Given the level of uncertainty involved with the site-scale transport, the macrodispersion theory offers a useful means for assessing transport at a multiplicity of spatial and temporal scales. At large traveltimes, the classic stochastic-Lagrangian theory [Dagan, 1989] predicts that the longitudinal macrodispersivity reaches an asymptotic value, whereas the transverse macrodispersivity decreases to zero. An expert panel convened by DOE estimated the longitudinal dispersivity in the saturated zone of Yucca Mountain to be 100 m after 30 km of travel [Geomatrix Consultants, 1998] . Using values representative of the Fortymile Wash saturated alluvium, we showed that the Level II asymptotic longitudinal macrodispersivity is on the order of 1000 m and is only attained after 1000 years, whereas the Level I longitudinal macrodispersivity is much smaller. Our results are comparable with the numerical findings by McKenna et al. [2003] , who performed Monte Carlo simulation of particle displacements in fractured volcanic aquifers near Yucca Mountain and found that the presence of high-permeability features can significantly enhance plume dispersion.
[58] Only nonreactive transport is considered in this study. The alluvial sedimentary architecture established here can be coupled with a chemical heterogeneity model [e.g., using the facies-driven approach described by Allen-King et al. [1998] ] to study reactive transport.
[59] In summary, the main contribution of the current work is in establishing a parsimonious and useful framework for studying the interplay of facies at multiple scales and for estimating the effect of spatial heterogeneity on solute transport. More importantly, our model can be easily updated to reflect new field measurements.
